Abstract-In this paper we discuss globally optimal energyefficient communications in the wideband regime that is characterized by wide signal bandwidth and low spectral efficiency. An end-to-end multiple-hop system with one sender, one receiver, and multiple relays is considered. We discover the globally optimal link adaptation as well as relay deployment strategies such that the whole system can run with the highest energy efficiency. The technologies proposed can be used in various communication systems, such as the deployment and communication of wired core networks and wireless broadband relay backhauls, to improve their energy efficiency.
I. INTRODUCTION
Energy efficiency is increasingly important for communications and networks because of both climate and cost issues. Information and communication technology (ICT) plays an important role in global greenhouse gas emissions since the amount of energy consumed by ICT increases dramatically to meet with the explosive growing service requirements [1] . It is shown that nowadays the total energy used by the infrastructure of cellular networks, wired networks, and Internet takes up more than 3% of the worldwide electric energy consumption [2] . In addition, this amount of energy is expected to increase rapidly in the future.
The exponential relationship between rate and power in Shannon capacity indicates that energy efficiency can only be achieved with infinite bandwidth or infinitely small data rate. But this qualitative analysis considers only transmission energy and ignores practical issues like other types of power consumption, such as those used for operating circuit and signal processing [3] . Therefore energy-efficient network design should find tradeoff between transmission energy and energy overhead like circuit energy. This tradeoff exists in almost all aspects of wireless networks, from individual transceivers [4] - [6] to cellular network deployments [7] , [8] . For example in [4] , a unique globally optimal power allocation and link adaptation is discovered for multiple input and multiple output (MIMO) and orthogonal frequency division multiplexing (OFDM) transmission and this scheme automatically balances the energy consumption between the the circuit power and the transmission powers on all subchannels. When there are multiple users in the network, the network resources should also be managed such that the overall network energy efficiency is maximized rather than single users [3] , [6] , [9] , [10] . A thorough tutorial can be found in [3] , which discusses energy-efficient resource management in time, frequency, and space domains. In addition to single cell resource management, energy efficiency should also be considered from the multi-cell aspect [11] - [13] . In [11] , [12] , it is observed that power optimization is important in both energy efficiency improvement and intercell interference control. Besides, energy-efficient power control not only improves network energy efficiency but also spectral efficiency because its conservative nature of power allocation automatically alleviates inter-cell interference to improve overall network throughput. This paper studies energy-efficient communications in the wideband regime, where the signal bandwidth is large and the channel is flat. Examples include wired communications using copper or fiber optics where the bandwidth is almost infinite and the channel is flat and line-of-sight (LOS) wireless backhaul communications with multi-gigahertz bandwidth [14] . For instance, the wireless channels around 60 GHz do not exhibit rich multipath. The non-line-of-sight (NLOS) components suffer from tremendous attenuation and the channel is almost flat [14] . In addition, a broad spectrum, e.g. several gigahertz, can be used at 60 GHz for backhaul communications. Therefore a backhaul system using 60 GHz carrier frequency can have large signal bandwidth and a flat channel.
We will focus on an end-to-end link with multiple relays in between. The question we will answer is what would be the globally optimal link adaptation and relay deployment strategy such that the whole system is the most energy efficient. This strategy can be used in many applications, e.g. core network deployment or wireless relay backhaul, to improve their energy efficiency. The paper is structured as follows. In Section II we present the system model. In Section III, we discuss energy-efficient communication without any relay. In Sections IV, V, and VI, we discuss the optimal link adaptation as well relay deployment strategies assuming an arbitrary number of relays. In Section VII, simulation results are discussed. Finally we conclude the paper in Section VIII. II. SYSTEM MODEL Consider a multi-hop system with one sender, one receiver, and K relays, as illustrated in Fig. 1 . The data is sent from the sender to the first relay, which decodes the data and forward it to the second relay. This process repeats until the data reaches the receiver. All transmissions experience additive white Gaussian noise (AWGN) channels and the data rate is given by
where B denotes the signal bandwidth, P i the transmission power, ξ i the power amplifier efficiency, h i the channel power gain, N o the noise spectral density, and P mi the power limit. The transmission of the sender is indexed with 0 while the transmission of the ith relay indexed with i. In the following we may refer to the transmitter and relays as user i according to their indices. In the wideband regime, assume B → ∞, then
As discussed in [15] , many digital communication systems, particularly wireless, satellite, deep-space, and sensor networks, operate in the power-limited region where the spectral efficiency is relatively low and the wideband regime is an attractive choice because of power savings, ease of multiaccess, ability of overlay with other systems, and diversity against frequency-selective fading. Assume all relays work in the full-duplex mode because their data reception and transmission can be easily separated by e.g. frequencydivision duplexing (FDD). The above approximation (2) still holds when B is divided into half. In this paper, the theories and algorithms will be based on this linear approximation. Note that when the achieved data rate and transmission power can not be approximated linearly, e.g. when B is finite in (1), the following link adaptation strategy can be used to obtain the linearity. As shown in Fig. 2 , each frame consists of M symbols. The link adaptation strategy only uses the first m symbols and each symbol will be transmitted with the highest power, P mi , if used. When all symbols are used, the achieved data rate is R mi , which is non-linear in P mi . The average achieved data rate is R i = R mi m M and the average transmission power consumption is
Therefore, we have the linear relationship
and the following theories and algorithms can be applied by replacing In addition to transmission power, each device also consumes circuit power for computation purposes, e.g. signal processing, filtering, and coding [4] , and the total power consumption isP
where P ci denotes the circuit power. The circuit power consumption of the receiver is defined as P r . The energy efficiency of the system, u, is defined as the total number of bits that can be transmitted consuming a certain amount of energy, or equivalently, the network throughput divided by the total network power consumption [4] , i.e.
where R denotes the achieved data rate. In the following, we study the optimal link adaptation as well as relay deployment strategy such that the whole system is the most energy efficient.
III. DIRECT ENERGY-EFFICIENT COMMUNICATIONS
When there is no relay and the sender transmits data directly to the receiver, the transmitter wants to do link adaptation such that its energy efficiency is maximized, i.e. the power is given by
The energy efficiency increases with the transmission power and therefore the highest power should always be used, i.e.
The highest energy efficiency is
Theoretically, if there is no power limit, i.e. P m0 → ∞, the energy efficiency upper bound is
The energy efficiency in (8) indicates five ways of improving energy efficiency from an implementation perspective, that is,
• increasing the power limit (mainly the linear range of the power amplifier), • increasing the power amplifier efficiency, • increasing the channel gain, • reducing the circuit power of both the transmitter and receiver, • and reducing the thermal noise.
IV. ENERGY-EFFICIENT RELAY LINK ADAPTATION
In this section, we assume an arbitrary number of relays with given channels and discuss the optimal energy-efficient transmission strategy.
The overall achieved data rate of the system must be
This also indicates that all transmissions by the sender and relays should be at the same rate R, as otherwise, any link with a higher rate will waste its energy consumption. Therefore, the power of user i is
The overall system energy efficiency is
The energy efficiency u increases with R. Therefore the highest data rate should be used and
User i will use just enough power to achieve R * and the transmission power should be
The maximum system energy efficiency is
If there is no power limit, the energy efficiency upper bound is given by
To implement this optimal link adaptation approach, all relays should report their link capacity
Pmiξihi
No ln 2 to the sender, which determines R * and will transmit with this rate. All relays will then use just enough power to achieve R * .
V. ENERGY-EFFICIENT RELAY DEPLOYMENT
In this section, we study how to deploy relays such that the whole system is the most energy efficient assuming all users transmit with a fixed power. Define the distance between the sender and receiver as d. We need to find the optimal deployment positions of all relays.
Consider only path loss and in wideband wireless communications, the channel power gain is given by
where d i is the link distance of user i, α the path loss exponent, and h o the gain at the unit distance. For wired communications, the signal attenuation usually grows exponentially with the distance [16] , [17] , i.e.
In the following, we will discuss energy-efficient relay deployment strategies for both channel models.
A. For Wireless Communications
The overall achieved data rate of the system is
Since the transmission power is fixed for all users, maximizing the energy efficiency u is the same as maximizing the rate R and the objective would be
There is a unique optimal solution to problem (20) and for the optimal solution, different users should achieve the same data rate, i.e.
as otherwise, the user with a higher data rate than the minimum rate should extend its link distance such that the distance for the user with the lowest rate can reduce its link distance to achieve a higher data rate. Therefore we have
and the optimal deployment strategy is
Correspondingly, the highest energy efficiency of the system is
With the optimal deployment strategy, the link distance of each user will be adjusted such that its data rate is the same as all others.
B. For Wired Communications
The objective is
Similar to the wireless case, there is a unique optimal solution and different users should achieve the same data rate, i.e.
The optimal deployment strategy is
Correspondingly, the highest system energy efficiency is
The link distance of each user is adjusted such that its data rate is the same as all others.
VI. ENERGY-EFFICIENT RELAY DEPLOYMENT AND LINK
ADAPTATION In this section we discuss the optimal energy-efficient relay deployment with link adaptation.
The optimal deployment in this case should still satisfy the condition in Section V because the deployment strategies in (23) and (27) are optimal for all power settings. The remaining question is what would be the optimal transmission powers of all users given the power limits.
A. For Wireless Communications
The problem is to find the optimal transmission powers to maximize (24). Let u denote the expression in (24). We have the following objective
where the vector P = [P 0 , P 1 , ..., P K ]. Similar to the proof in [4] , it can be easily proven that the objective function is strictly quasi-concave in P and there is a unique globally optimal power setting. Furthermore, u first strictly increases in P i and then decreases in it. Therefore user i will use either the peak power P mi or the power value at which the first-order derivative of u is zero. Summarizing the above, we have the following necessary and sufficient condition for the globally optimal relay deployment and link adaptation and the maximum energy efficiency. 
Here
the total power except transmission power. The maximum energy efficiency of the system is
Assume no power limit and ξ i = ξ j = 1, ∀i ̸ = j. Then P * i = P * j = P * 0 according to (31). The maximum energy efficiency is
u * increases in P * 0 . Therefore we have the upper bound of u * when P * 0 → ∞, i.e.
This indicates that without power limit, the energy efficiency of the system can always be improved with more relays. An intuitive explanation is that with infinitely high data rate, the time sending each bit can be infinitely small and the circuit energy consumption is negligible. The system energy efficiency is therefore almost solely determined by the transmission energy. As the energy consumption increases exponentially with the distance, more relays will always help reducing the communication distances and therefore improving the energy efficiency exponentially. However this conclusion may no longer be valid when there are power limits. With power limits, the data rate will be limited and circuit energy consumption is not negligible. Whether an additional relay can improve system energy efficiency will depend on how much additional circuit power the relay consumes. However we can always use Theorem 1 to compare the energy efficiency when the system has different sets of relays and decide how many relays would be the most energy efficient.
B. For Wired Communications
Similar to the wireless case, we need to find the optimal transmission powers to maximize (28) and the objective is
The objective function is also strictly quasi-concave in P and there is a unique globally optimal power setting, which is summarized in the following theorem. 
and
Here P idle = ∑ i P ci + P r , the total power except transmission power. The maximum energy efficiency of the system is
Assume no power limit and P * i = P * j = P * 0 according to (37) and the maximum energy efficiency is
which increases in P * 0 . Letting P * 0 → ∞, we have the upper bound of the system energy efficiency,
C. Algorithm Design Theorems 1 and 2 do not give the explicit P * and numerical algorithms are needed to search for it. A similar issue has been thoroughly studied in [4] to find the optimal energy-efficient link adaptation for MIMO and OFDM communications. The difference in this paper is the per-element power limits, {P mi }. If the power limits are sufficiently large, the binary search assisted ascent (BSAA) algorithm in [4] can be used here too. Otherwise, we can modify BSAA slightly to reflect the consideration of per-element power limits. The improved BSAA for finding the optimal power setting is summarized in Table I .
Algorithm IBSAA(P) Input: initial guessP Output: the optimal P * 1. P =P and P m = [P m0 , ..., P mK ]. 2. while no convergence 3.
do use GABS [4] to find the optimal step size µ * ;
4. P = min
5. return P TABLE I: Improved binary search assisted ascent
VII. SIMULATIONS
In the simulations, we focus on wireless communications, but wired communications can be run in a similar way. 60 GHz wireless channels have very high bandwidth and limited transmission power, which means that the wideband approximation is valid. We have looked at a short distance 60 GHz radio links and used the system model in Figure 1 . The simulation parameters are summarized in Table II , most of which are based on the parameters in [18] . The circuit power and power amplifier efficiency are estimated from comparisons to similar low power transmitters. The antenna gain, noise figure, and implementation loss are included in the constant h o in equation (17) and the channel power gain is expressed as follows,
In Figure 3 , we show the energy efficiency as a function of distance for a direct link and for a link with one relay. The upper bound is for the link with one relay and no power limit. Using relays improves the energy efficiency as the decreased path loss leads to increased maximum data rate. This effect is much larger compared to the increased power consumption due the relay transmission and circuit power. Figure 4 shows that the energy efficiency increases with the number of relays, but the gain diminishes with higher Figure 5 . In Figure 6 it is shown that increased circuit power of relays reduces the benefit on energy efficiency of using multiple relays. 
VIII. CONCLUSION
In this paper we have discussed optimal energy-efficient communications in the wideband regime. Specifically we have discovered the globally optimal link adaptation as well as relay deployment strategies such that a multi-hop system can run with the highest energy efficiency. We have shown that if only link adaptation is used, all users should transmit with the highest data rate necessary so that the circuit energy consumption can be minimized. When all users transmit with fixed power, the relays should be deployed such that each link achieves the same data rate. If both the deployment and power can be adapted, we have discovered the unique and globally optimal strategy that automatically balances the contribution to power consumption from transmission, circuit operation, distance, and power amplifiers. The technologies proposed can be used in various communication systems, such as the deployment and communication of wired core networks and wireless broadband relay backhauls, to improve their energy efficiency.
